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Photo-oxidation of Ru(bpy),(en)*+, where bpy = 2,2’-bipyridine, en = ethylenediamine, was 
studied in isotopic labeling experiments by using on-line electrospray mass spectrometry 
(ESMS). The complex was known to undergo photochemical dehydrogenation of a four- 
electron oxidation, giving the a,a’-diimine complexes in a stepwise manner via a two-electron- 
oxidized intermediate that represents loss of two hydrogen atoms from the en ligand. On-line 
mass analysis after photoirradiation (h >420 nm) of Ru(bpy),(ed)*+ (ed = ethylene-d,- 
diamine) showed that the ligand of the intermediate with loss of two hydrogen atoms was not 
an enamine but had an imine structure. Also, a ligand-oxygenated complex that has mass 14 
amu higher than the Ru(bpy),(en)‘+ complex was observed in the ES mass spectra. The ligand 
of this complex was proposed to have a nitroso structure as a primary product in 1802 
experiments. The oxygenated complex was not generated in a stepwise manner via the imine 
intermediate, but directly by loss of two amino hydrogen atoms and addition of an oxygen 
atom. The source of the oxygen atom would be from oxygen dissolved in solution rather than 
from water in solution. Another oxygenated complex Ru(bpy),(NO;)+ was produced by 
irradiation and the structure was identified in i802 experiments. (J Am Sot Mass Spectrom 
1997, 8, 713-717) 0 1997 American Society for Mass Spectrometry 
T ransition-metal ions have been known to play an important role as a catalyst in the oxidation of coordinated amines. Oxidative dehydrogenation 
of amines coordinated to metal ions has been studied 
for Ru(I1) [l-7], Fe(H) [g-12], Ni(II1 113171, Cu(II) 1181 
and Co(I1) [19]. Results of these studies suggested that 
the reactions involved prior oxidation of the metal ion 
to higher oxidation states followed by oxidation of the 
ligand and re-reduction of the metal ion ]20, 211. 
Oxidative dehydrogenation of aliphatic amines coor- 
dinated to Ru(I1) has been extensively investigated 
using both chemical and electrochemical oxidation [Z, 3, 
6, 221. These results have been interpreted to support 
that the diamine-oxidative dehydrogenation reactions 
are initiated by the oxidation of Ru(I1) to Ru(II1) and 
that the reactions probably occur in a stepwise manner 
via the monoimine intermediates [6]. Ollino and Rest 
[23] have found that Ru(bpy),(en)‘+ (bpy = 2,2’-bipyri- 
dine, en = ethylenediamine) and Ru(bpy),(tn)‘+ (tn = 
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1,3-propylenediamine) complexes were oxidized by 
photoirradiation giving the corresponding cr,cu’-diimine 
complexes. A strong visible absorption observed in 
acetonitrile near 490 nm is due to a Ru(II)-(bpy) metal- 
to-ligand charge-transfer (MLCT) transition. Accord- 
ingly, the oxidative dehydrogenation is believed to be 
initiated by excitation of the MLCT band [24]. Evidence 
for production of the monoimine intermediate giving 
the a&-diimine complexes has not been definitely 
shown, because the intermediate is unstable with re- 
spect to further oxidation. 
Recently we have developed an on-line electrospray 
mass spectrometry (ESMS) system in which a 
flowthrough photoreaction cell was attached to an 
electrospray interface ]25, 261. The system was applied 
to study photolysis of Ru(bpy),(er#+ in acetonitrile 
[26]. With this system, we have directly detected pho- 
toinduced dehydrogenation intermediate that was a 
species with loss of two hydrogen atoms from 
Ru(bpy),(en)‘+. Moreover, we observed a new oxidized 
species Ru(bpy),(en + 14)‘+ that had mass 14 amu 
higher than Ru(bpy),(en)‘+ in the mass spectra. 
In this article, our goal is first to decide whether the 
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intermediate with loss of two hydrogen atoms has an 
imine or enamine structure by employing isotopic label- 
ing and mass spectrometric methods. Ru(bpy&(ed)‘+ 
(ed = ethylene-d,-diamine, H,NCD,CD,NH,) was em- 
ployed to determine the oxidative dehydrogenation site. 
Second, the photooxidation product Ru(bpy),(en + 14)‘+ 
is characterized by “02 experiments by using on-line 
ESMS. 
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ES mass spectra were obtained by a sector-type mass 
spectrometer (JEOL-D300) connected with a laboratory- 
made ES interface. Experimental conditions for electro- 
spray and photoirradiation system were described in 
detail elsewhere [26, 271. Briefly, photoreaction was 
carried out in a cylindrical quartz cell of ca. 1 mm inner 
diameter, installed at the middle of an ES needle. A 
UV-cutoff filter was used for irradiation (A > 420 nm). 
A size of a light spot was -5 mm in diameter. A photon 
power of the spot was about 0.02 W for normal irradi- 
ation. If  necessary, extensive irradiation (0.1 W) was 
carried out to give much more photoproducts. It re- 
quired about 2 minutes for a flowing sample to pass 
across the light area in the cell and a few tens of seconds 
to arrive at the tip of the needle for spraying. Thus, 
photoproducts with a lifetime of more than a few minutes 
could be detected under the spraying conditions. 
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The complexes Ru(bpylzB(C1O,), [B = en, ed, N,N, 
N’,N’-tetramethyl-ethylenediamine (tm)] were pre- 
pared by methods similar to those described in the 
literature [6]. Ethylene-d,-diamine (H,NCD,CD,NH,) 
and 1802 were purchased from Isotec Inc. (Miamisburg, 
OH) and were used without further purification. For 
measurements of ES mass spectra, samples were dis- 
solved in acetonitrile or in acetonitrile/water solution 
purged with oxygen. The concentrations of samples 
were kept at -0.1 mM. 
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Results and Discussion 
Ru(bpy),(ed)(CZO,), 
The positive ion ES mass spectrum of Ru(bpy),(ed)(ClO,), 
in acetonitrile showed three peaks corresponding to 
RuL;‘, RuL,(ed)‘+, and RuL,(ed)X+ in the dark (Figure 
la). Peaks in the spectra are assigned for convenience 
using the abbreviations L = bpy, X = Cloy, and AN = 
acetonitrile. Nominal mass-to-charge ratio values in the 
spectra and text are calculated from lo2Ru. The spectrum 
of the ed complex was identical (except for the expected 
HD shifts) to that of the nondeuterated analog. Appear- 
ance of RuLz+ ions in the dark is due to collision-induced 
dissociation (CID) of RuL,(ed)2f occurring between two 
skimmers of the ES interface. A voltage between the two 
skimmers was 50 V in the present case. The signal inten- 
sity of RuLs’ increased rapidly with an increase in the 
voltage up to 80 eV. A peak of the doubly charged ions 
RuL,(ed12+ is expanded in the inset with the calculated 
Figure 1. Positive mode ES mass spectra of Ru(bpy),(edKlOJ, 
(bpy = 2,2’-bipyridine, ed = ethylene-d,-diamine) in 0, purged 
acetonitrile (0.1 mM) obtained under the same conditions, (a) in 
the dark and (b) with normal photoirradiation (A >420 nm), and 
(c) with extensive photoirradiation, in which the photon intensity 
was about five times greater than that in the normal irradiation. 
The peak intensity of RuL,(ed)*+ with mild irradiation (b) was 
reduced to 0.41 of the intensity in the dark (a). L is bpy, AN is 
acetonitrile, and X is Cloy. The notation RuL,(ed-6)‘- and 
RuL,(ed + 14)” represents the species that have masses 6 amu 
lower and 14 amu higher than RuL,(ed)‘+ in the mass spectra. In 
(c) filled circles represent a best fit of the calculated peak pattern 
assuming the ion ratio of diamine: monoimine: diimine = 1: 0.1: 0.5. 
isotope distribution. The experimental distribution is in 
good agreement with the calculated one. Photoirradiation 
by visible light (>420 nm) in the reaction cell promoted 
photoreaction and resulted in the mass spectrum of Figure 
lb. The peak height of RuL,(edJ2+ with irradiation relative 
to the dark spectrum was 0.41. About 60% of the ed 
complex was changed to photoproducts under our irradi- 
ation conditions. This value was the same as that found in 
the previous results 1271 for Ru(bpyl,(enKlO&. Abun- 
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dance of RuL:+ and RuLJAN)‘+ ions increased after 
irradiation. This is probably due to a facile dissociation of 
acetonitrile molecules from photosubstitution products 
RuL,(AN)$+ by CID [25-271. 
The complexes Ru(bpy),(ed + 14)‘+ and Ru(bpy), 
(ed + 14)X- were observed together with the photosub- 
stitution products (Figure lb). These notations were 
used to represent the species in the mass spectra that 
have masses of 14 amu higher than the Ru(bpy),(ed)2+ 
and Ru(bpy),(ed)X+ complexes. These product ions will 
be discussed in detail later. 
To determine which is the oxidative dehydrogena- 
tion site (imine or enamine structures), the expanded 
spectrum near the RuL2(ed)2t peak was obtained after 
extensive photoirradiation (Figure lc). Increased abun- 
dance of products RuL2(ed-3)2+ and RuL,(ed-6)‘+ was 
found near the main peaks. Here, (ed-3) represents 
monoimine, corresponding to loss of hydrogen and 
deuterium atoms from the ed ligand, and (ed-6) repre- 
sents diimine. A best fit of the calculated peak pattern 
with the experimental one was obtained assuming a 
ratio of diamine: monoimine: diimine = 1: 0.1: 0.5. 
These results support a conclusion that the two-elec- 
tron-oxidized complex is not an enamine, but has an 
imine structure from the photoinduced dehydrogena- 
tion. This is the same result as in chemically and 
electrochemically oxidative dehydrogenation [6]. 
In photolysis of Ru(bpy)2(en)2f, we reported the obser- 
vation of the Ru(bpy),(en + 14)‘+ and Ru(bpy),(en + 
14)X+ products as well as oxidative dehydrogenation 
products [27]. The (en + 14) ligand corresponds to an 
oxide of ethylenediamine, e.g., NH,CH,CH,NO, 
NH2CH2CH = NOH, NH2CH2CONH2, or NH2CH2C(OH) 
= NH. Similar oxidative products from the diimine 
complex of Fe(GMI)z+ (GM1 = CH,N=CHCH=NCH,) 
were reported by Chum and Krumholz [28]. Chemical 
oxidation with Ce(IV) yielded oxygenated complexes 
Fe(GMI)2(GA)3f and Fe(GMI)2(GH)2+[GA = CH,N= 
CHC( =O)NHCH, or CH,N =CHC(OH) =NCH,; GH = 
CH,N=CHCH=NCH,OH]. Two questions arise from 
the above facts. One is the structural identification of 
the (en + 14) complex generated in the photooxidation. 
The other is whether or not photoinduced oxidation 
proceeds in a stepwise manner via the monoimine 
complex. The answer to these questions can be derived 
from Figure 2. Sample solutions for Ru(bpy),(en)‘+ 
were prepared by using 0, or rs02 purged acetonitrile, 
and were irradiated under the same conditions. Distinct 
peak shifts were observed between the spectra (b) and 
(c) in Figure 2; (en + 14) + (en + 16). Therefore, the 
complex (en + 14) is really due to loss of two hydrogen 
atoms and addition of an oxygen atom. In addition, the 
observation of the complex (ed + 14) in Figure lb or lc 
indicates that dehydrogenation directly involves two 
amino hydrogen atoms, not o-hydrogen atoms. As a 
result, NH,CH,CH,NO is the most probable structure 
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Figure 2. ES mass spectra of Ru(bpy),(en)(ClO,), (en = ethyl- 
enediamine) in 0, purged acetonitrile (0.1 mM); (a) in the dark, (b) 
with photoirradiation (A >420 nm), and (c) in “0, purged 
acetonitrile with photoirradiation. Peaks of m/z 460 and 486 were 
shifted to 4 amu higher masses in the “0, experiment cc). Thus, 
nominal m/z 460 should be RuL,(NO,)+ and m/z 486 corre- 
sponds to RuL,(C,H,NO,)+. 
for a primary product of the photooxygenated ligand 
(en + 14). The reaction pathways are summarized in 
Scheme I. 
To investigate participation of water as an oxygen 
source in the photo-oxidation process, acetonitrile/ 
water (5%) solutions of Ru(bpy),(en)(ClO,), were elec- 
trosprayed (Figure 3). The spectrum obtained in the 
dark was the same as that from the acetonitrile solution 
(Figure 3a). The solution was purged with argon, and 
was irradiated under the same conditions. Products 
other than RuL:+, RuL,(en)‘+, and RuL,(en)X’ were 
detected in this solution after photoirradiation (Figure 
3b). To obtain more information on the photoinduced 
oxidation of the complex with oxygen, the Ar purged 
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Scheme 1. Photoreaction pathways for Ru(bpy),(en)‘+, where 
bpy = 2,2’-bipyridine, en = ethylenediamine and AN = acetoni- 
trile. CID means collision-induced dissociation. 
solution of (b) was exposed to the atmosphere for a few 
minutes and was then irradiated (Figure 3~). A spec- 
trum of photoproducts similar to Figure 2b was ob- 
tained. As a result, the source of the oxygen atom will 
be from oxygen in solution. However, a possibility on 
participation of water still remains, unless the data in 
Figure 3b proves to be due to residual oxygen in the Ar 
purged solution. The data are consistent with a rela- 
tively slow reaction with water. 
The photoreaction product of m/z 449 in Figure 2 
corresponds to RuL,(Cll+. It has also appeared in the 
spectrum of Ru(bpy),(ClO,), [25]. The ion RuL,(Cl-)’ 
was probably formed from the coordination of Cl- 
released by a photoreaction involving ClO, or trace Cl- 
impurity because Cl- easily coordinates Ru(bpy)s+. 
Peaks of m/z 460 and 486 were shifted to 4 amu higher 
masses in the ‘*02 experiment (Figure 2). This means 
that these complexes contain two oxygen atoms. m/z 
460 should be RuL,(NO;)+. Origin of the nitrogen 
atom in NO; is not from acetonitrile, but from the en 
ligand, because the peak of m/z 460 was still observed 
in acetone solution. The ion at m/z 486 corresponds to 
RuL,(C,H,NO;)+. The ion at m/z 501 in Figure 3 may 
be RuL,(NO;)(AN)+. These products have not been 
reported in ligand oxidation of diamine complexes. 
Other peaks evident in the figures are not identified. 
The photooxygenated ion RuL,(tm + 14)‘+ (tm = 
N,N,N’,N’-tetramethyl-ethylenediamine) was not de- 
tected after irradiation of an 0, purged solution (Figure 
4). This is probably because there is no amino hydrogen 
in the tm complex. The spectra show that most of the tm 
complexes were transferred to photoproducts under the 
same irradiation conditions. The tm complex is much 
more photosensitive for ligand substitution than the en 
complex. This is because of larger steric hindrance for 
the tm ligand. The rechelation of the photoinduced 
monodentate ligand is slower for the tm than for the en 
complex. The monodentate complex RuL,(tm)(AN12’ 
r 
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Figure 3. ES mass spectra of Ru(bpy),(en)(ClO,), in acetonitrilel 
water (5%) solution (0.1 mM); (a) 0, purged solution in the dark, 
(b) Ar purged solution with photoirradiation (A >420 nm), and (c) 
the Ar purged solution of (b) was exposed in the atmosphere for 
a few minutes and was irradiated under the same conditions. The 
relative intensity for RuL,(en) ‘+ is (a) : (b) : (c) = 1 : 0.60 : 0.25. 
observed in the dark may be due to exposure to room 
light. 
Conclusion 
The reaction scheme in photolysis (A >420 nm) of 
Ru(bpy),(en)2t was studied in acetonitrile by using 
on-line ESMS. The oxidative dehydrogenation product 
Ru(bpy),(en-212+ was characterized by mass spectro- 
metric analysis with isotope-labeled compounds, and 
was found not to be enamine, but to have an imine 
structure. In addition, the oxygenation pathway giving 
Ru(bpy),(B + 14)2+ was determined to involve loss of 
two amino hydrogen atoms and direct addition of an 
oxygen atom (Scheme I). Another oxygenated complex 
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Figure 4. ES mass spectra of Ru(bpy),(tm)(ClO,), (tm = 
N,N,N’,N’-tetramethyl-ethylenediamine) in OZ purged acetonitrile 
(0.1 mM); (a) in the dark and (b) with photoirradiation. The 
relative peak intensity of the irradiation to the dark was 0.02 for 
RuL,(tm)‘+. 
Ru(bpy),(NO,)+ was identified in the mass spectra 
after irradiation. The source of the oxygen atom for 
photooxidation of Ru(bpy),(en)‘+ would be oxygen in 
solution rather than water. 
Acknowledgment 
This research was financially supported by a grant-in-aid for 
Scientific Research from the Ministry of Education, Science, Sports 
and Culture. 
References 
1. McWhinnie, W. R.; Miller, J. D.; Watts, J. B.; Waddan, D. Y. J, 
Chem.Soc. D1971,629-630. 
2. Lane, 8. C.; Lester, J. E.; Basolo, F. I. Chem Sot. D 1971, 
1618-1619. 
3. Mahoney, D. F.; Beattie, J. K. Inorg. Chem. 1973, 12, 2561-2565. 
4. Alvarey, V. E.; Allen, R. J.; Matsubara, T.; Ford, P. C. 1, Am. 
Chem. Sac. 1974,96, 7686-7692. 
5. Keene, F. R.; Salmon, D. J.; Meyer, T. J. J. Am. Chem. Sot. 1976, 
98,1884-1889. 
6. Brown, G. M.; Weaver, T. R.; Keene, F. R.; Meyer, T. J. lnorg. 
Chem. 1976, 15, 190-196. 
7. Diamond, S. E.; Tom, G. M.; Taube, H. I. Am. Chem. Sot. 1975, 
97,2661-2&I. 
8. Goedken, V. L.; Busch, D. H. 1. Am. Chem. Sac. 1972, 94, 
7355-7363. 
9. Goedken, V. L. 1. Chem. SOL, Chem. Commun. 1972,207-208. 
10. Dabrowiak, J. C.; Busch, D. H. Znorg. Chem. 1975,14, 1881-1888. 
11. Costa Ferreira, A.M.; Toma, H. E. 1. Chem. SOL, Dalton Trans. 
1983, 2051-2055. 
12. Goto, M.; Takeshita, M.; Kanda, N.; Sakai, T.; Goedken, 
V. L. T. Inorg. Chem. 1985, 24, 582-587. 
13. (a) Curtis, N. F. 1. Chem. Sot. 1960,4409-4413; (b) Curtis, N. F.; 
House, D. A. Chem. hd. (London) 1961, 1708-1709; (c) Curtis, 
N. F. Coord. Chem. Rev. 1968, 3, 3-47. 
14. Vassian, E.G.; Murmann, R. K. Inorg. Chem. 1967, 6, 2043-2046. 
15. Barefield, E. K.; Busch, D. H. Irzorg. Chem. 1971, IO, 108-114. 
16. Hipp, G. J.; Lindoy, L. F.; Busch, D. H. Inorg. Chem. 1972, 12, 
1988-1994. 
17. Barefield, E. K.; Mocella, M. T. J. Am. Chem. Sot. 1975, 97, 
4238-4246. 
18. Olsen, D. C.; Vasilevskis, J. Inorg. Chem. 1971, 10, 463-470. 
19. Tang, S. C.; Holm, R. H. 1. Am. Chem. Sot. 1975,97,3359-3366. 
20. Hipp, C. J.; Busch, D. H. Coordination Chemistry-?; American 
Chemical Society: Washington, DC, 1974; ACS Monogr. No. 
174, pp. 435-444. 
21. Ridd, M. J.; Keene, F. R. J. Am. Chem. Sot. 1981,103,5733-5740. 
22. Elsbernd, H.; Beattie, J. K. J. Chem. Sot. A 1970, 2598-2600. 
23. Ollino, M. A.; Rest, A. J. J. Phofochem. Photobiol. A: Chem. 1992, 
69, 73-81. 
24. Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159-244. 
Watts, R. J. 1. Chem. Ed. 1983, 60, 834-842. 
25. Arakawa, R.; Jian, L.; Yoshimura, A.; Nozaki, K.; Ohno, T.; 
Doe, H.; Matsuo, T. Inorg. Chem. 1995, 34, 3874-3878. 
26. Arakawa, R.; Tachiyashiki, S.; Matsuo, T. Anal. Chem. 1995,67, 
4133-4138. 
27. Arakawa, R.; Mimura, S.; Matsubayashi, G.; Matsuo, T. Inorg. 
Chem. 1996,35,5725-5729. 
28. Chum, H. L.; Krumholz, P. Inorg. Chem. 1974, 13, 514-518. 
